Introduction {#Sec1}
============

An essential function of genetic material in any living organism is its faithful segregation, the role which is in eukaryotes determined by the centromere. The centromere includes the core or functional centromere domain, a specialized locus at which microtubules attach to the complex multiprotein structure of the kinetochore in order to segregate chromosomes in mitosis and meiosis. The core centromere domain is surrounded by large blocks of pericentromeric heterochromatin (also called the pericentromere), primary sites of sister chromatid cohesion. Centromere functionality is vital for all eukaryotic organisms. In addition to understanding its role as a biological structure, studying the centromere is also highly relevant from a biomedical point of view, because abnormalities in centromeric function are often lethal or associated with various congenital and acquired diseases, such as cancer, infertility, and birth disorders (reviewed in Thompson et al. [@CR124]).

Centromeres are considered to be shaped by both genomic and epigenetic mechanisms, but the synergy between DNA sequences, protein components, and epigenetic marks is still not well understood. In the absence of a universal DNA sequence, species-specific histone H3 variant CENH3 (CENP-A in mammals, CID in *Drosophila melanogaster*, Cse4 in *Saccharomyces cerevisiae*) is the most prominent protein identifier of centromere function. Related forms of this protein have been detected in all studied active centromeres of single-cell and multicellular eukaryotes (Black and Bassett [@CR4]; Malik and Henikoff [@CR72]). CENH3 replaces the canonical histone H3 in such a way that arrays of CENH3-based nucleosomes alternate with those containing canonical H3 (Blower et al. [@CR5]; Sullivan and Karpen [@CR117]). In humans and flies, canonical H3 is in turn epigenetically modified in the centromere, by dimethylation at lysine 4 (H3K4me2), and thus distinctive from the histone H3 in adjacent pericentromeric heterochromatin, which is marked by methylation at lysine 9 (H3K9me). These differences qualify centromeric chromatin as a unique chromatin type centrochromatin (Sullivan and Karpen [@CR117]).

In the budding yeast *S. cerevisiae*, centromere function depends on a short, about 100 bp long DNA sequence motif. These centromeres are referred to as simple or point centromeres (Hyman and Sorger [@CR49]). In all other eukaryotes, centromeres are founded on repetitive DNA arrays of several hundred kilobase, commonly known as complex or regional centromeres (Pluta et al. [@CR101]). A single centromere is normally formed on each chromosome in a locus which is on the cytogenetical level recognized as a primary constriction of the monocentric chromosome. However, there are exceptions, and some organisms have holocentric chromosomes that lack a primary constriction and comprise of a centromere dispersed in many subdomains along the entire chromosome length (Dernburg [@CR19]).

Mostly, due to limitations in sequencing and assembly of long arrays of nearly-identical repeats, our knowledge on the long-range functional organization of centromeric DNA is rather limited, and centromeres still represent the last frontiers in genome assemblies and sequence annotations (Hayden and Willard [@CR41]). Here, we review the rapidly progressing field of functional centromere genomics. We present data relating DNA sequences and their functional interactions in different centromere types of higher eukaryotes, and point to the significance of transcriptional potential of centromeric sequences.

Repetitive DNA sequences are the most common centromere components {#Sec2}
==================================================================

Two classes of highly abundant repetitive sequences, satellite DNAs (satDNAs) and transposable elements (TEs), represent major DNA components of many centromeric regions. Both groups of sequences are extremely divergent, and understanding the mechanisms of their accumulation, diversification, protein-binding capacity, and linear distribution is essential for a complete picture of centromere genomics, both from a structural and functional perspective. Characteristics of functional DNA sequences and other abundant DNAs contributing to centromere region of the most common model organisms of higher eukaryotes are presented in Table [1](#Tab1){ref-type="table"}.Table 1Centromere DNA features in higher eukaryote model organismsCentromere type according to functional DNA sequenceSpecies/common nameCharacteristics of functional DNA sequence(s)Other abundant DNAs contributing to centromere regionReferencesSatellite DNA*Homo sapiens*/humanalpha-satDNA \[171 bp\] in all centromeres; chromosome-specific subfamilies; higher-order organizationMonomeric forms of alpha-satDNA, diverse non-alphoid satDNAs (gamma, beta, Sat I, II, III) and LINE elements in pericentromeric regionsWillard and Waye [@CR133]; Waye and Willard [@CR132]; Rudd and Willard [@CR105]; Rudd et al. [@CR106]; Sullivan et al. [@CR118]; Schueler et al. [@CR108]*Drosophila melanogaster*/fruit fly*Dp1187* centromere: AATAT and AAGAG satDNAs*Dp1187* centromere: LTR retrotransposons (HMS Beagle, 412, and Bel), non-LTR (LINE-like) retroposon (*F*) and 359-bp satDNASun et al. [@CR119], [@CR120]*Mus musculus*/house mouseMinor satDNA \[120 bp\]: homogenous family in all centromeressatDNAs: MS3 \[150 bp\] in centromeric core, Major satDNA \[234 bp\] and MS4 \[300 bp\] in pericentromeric regionsGuenatri et al. [@CR35]; Kuznetsova et al. [@CR61]*Arabidopsis thaliana*/thale cresspAL1 satDNA \[180 bp\]: homogenous family in all centromeresLTR-retrotransposon (Athila) in centromere core, multiple families of LTR retrotransposons and 5SrRNA in pericentromeric regionsNagaki et al. [@CR87]; Kumekawa et al. [@CR60]*Pisum sativum*/pea13 distinct satDNAs families \[50--2,094 bp\] localized in various combinations in different centromeressatDNAs: TR2, TR3, and TR5 in pericentromeric regionsNeumann et al. [@CR91]Satellite DNAs and retrotransposons*Oryza sativa*/riceCentO satDNA \[155 bp\] and CRR retrotransposon in all centromeresDifferent retrotransposon families belonging to Ty3/gypsy--classDong et al. [@CR20]; Cheng et al. [@CR14]*Zea mays*/maizeRetrotransposons CRM1 and CRM2 and CenC satDNA \[156 bp\] in all centromeresRetrotransposons CRM3 and CRM4Zhong et al. [@CR138]; Wolfgruber et al. [@CR134]Retrotransposons*Triticum* spp*.*/wheatCRW, Quinta and Weg retrotransposon familiesDifferent CRW retrotransposons families (Ty3/gypsy--class)Li et al. [@CR65]Repeats and non-repeats*Equus caballus*/horsesatDNAs: different ECA families \[221--475 bp\], 37cen \[221 bp\], and 2PI \[23 bp\] localized in various combinations; repeat-free ch11 centromereNAPiras et al. [@CR98]; Alkan et al. [@CR1]*Gallus gallus*/chickenChromosome specific satDNAs \[1.8--3.2 kb\] in centromeres of eight macrochromosomes, CNM satDNA \[42 bp\] in some microchromosomes and in ch6 and ch9; repeat-free ch5, ch27, chZ centromeresNAShang et al. [@CR109]*Solanum tuberosum*/potatoSix chromosome specific satDNAs \[979 bp to 5.4 kb\]; repeat-free ch4, ch6, ch10, ch11, and ch12 centromeresNAGong et al. [@CR33]

SatDNAs are a class of diverse tandemly repeated DNA sequences that comprise long arrays localized in a tightly packed heterochromatin. Features of satDNA sequences in centromeric regions have already been reviewed in detail (Plohl et al. [@CR99], [@CR100]). A recent comprehensive bioinformatic analysis of centromeric satDNAs in a number of animal and plant species confirmed the rapid evolution of DNA sequences in these areas (Melters et al. [@CR78]). Despite the extreme diversity of satDNA sequences, some sequence segments can be shared among heterologous repeats. The best known example is the conserved 17 bp long sequence motif, the CENP-B box, which is specific for alpha-satDNA in humans (Ohzeki et al. [@CR93]), as well as in various subclasses of alphoid repeats in mammalian species (Alkan et al. [@CR1]). This motif is a binding site for the protein CENP-B, which probably facilitates kinetochore formation (Masumoto et al. [@CR76]), but might also play a role in rearrangements of satDNA sequences (Kipling and Warburton [@CR58]). The presence of CENP-B box-like motifs in unrelated satDNAs of some distant invertebrates and plants suggests its potential functional relevance in non-mammalian organisms (Mravinac et al. [@CR84]; Canapa et al. [@CR8]; Meštrović et al. [@CR80]; Gindullis et al. [@CR32]).

SatDNAs evolve according to the principles of concerted evolution. Within the genome, mutations are homogenized among repeats of the satDNA by the mechanisms of non-reciprocal sequence transfer, such as unequal crossover, gene conversion, rolling circle replication, and transposition-related mechanisms (Dover [@CR21]). Although the centromere was traditionally treated as a region of suppressed recombination, unequal crossing-over and gene conversion have been identified as the most widespread mechanism involved in satDNA dynamics (Mahtani and Willard [@CR70]; Smith [@CR111]; Talbert and Henikoff [@CR121]). Nevertheless, recent studies on primates and plants postulated mechanism of segmental duplication as an important evolutionary force in the massive amplifications of satDNA arrays and long range rearrangements of (peri)centromere regions (Horvath et al. [@CR47]; Ma and Jackson [@CR66]). At the population level, satDNAs become fixed as a result of random assortment of genetic material in meiosis. As species diverge, satDNAs accumulate changes as a consequence of mutations and turnover mechanisms in separate lineages generating species-specific satDNA arrays (Dover [@CR21]). However, rapidly accumulating differences in species-specific satDNA profiles can also be accomplished by amplifications/contractions of repeats existing in a so-called library of satDNAs common to related genomes. The hypothesis was originally proposed by Fry and Salser ([@CR27]) and experimentally proved by Meštrović et al. ([@CR79]). As predicted by the theory of concerted evolution, a small bias in favor of homogenization of a particular set of repeat variants would lead to extreme conservation of satDNAs (Ohta and Dover [@CR92]; Strachan et al. [@CR115]), observed in various organisms, for example, in sturgeons (De la Herran et al. [@CR18]) and beetles (Mravinac et al. [@CR83]). Because of the above mentioned specificities, the scenario of satDNA evolution unifies array homogeneity and long-term sequence stability together with the ability of the satDNA library to act as a reservoir of sequences that allow rapid changes through expansions and contractions of arrays (Plohl et al. [@CR99]).

Nevertheless, it is difficult to understand the rapid evolution of satDNAs in a centromere solely by sequence dynamics of tandem repeats, especially in the light of the centromere structure-function paradox (Eichler [@CR23]). The phenomenon of rapid evolution of centromeric DNA and protein components in spite of conserved centromere function has been referred to as the centromere paradox (Henikoff et al. [@CR45]). In this regard, evolution of CENH3 is subject to positive selection in *Drosophila* (Malik and Henikoff [@CR71]) and *Arabidopsis* (Talbert et al. [@CR122]), and probably in general (Talbert et al. [@CR123]) because of its interactions with changing DNA components. Centromeres are thus not defined only by epigenetic factors but also through interactions between repetitive DNA and protein components, mediated by meiotic drive (Dawe and Henikoff [@CR17]). In other words, rapid evolution of centromere satDNA sequences is possible only assuming coevolution with CENH3 and other DNA-binding proteins.

Because satDNAs are the major DNA components of heterochromatin, differences in their composition can be linked with reproductive isolation and speciation (Bachmann et al. [@CR3]). Differences among individuals in the centromere region accumulate as a consequence of centromere drive, leading to reduced compatibility of homologous chromosomes in hybrids and ultimately to postzygotic isolation, thus triggering speciation (Henikoff et al. [@CR45]). The role of satDNA in reproductive isolation caused by rapid centromere evolution has been recently studied in detail in monkey-flowers (Fishman and Saunders [@CR26]) and *Drosophila* (Ferree and Barbash [@CR24]).

Another repetitive component of importance for centromeric regions are transposable elements (TEs), DNA sequences which can move to new genomic locations and form interspersed repeats if replicated in the process of movement (Kazazian [@CR57]; Tollis and Boissinot [@CR126]). According to the mechanisms of transposition, TEs are categorized as RNA-mediated (retroelements such as long terminal repeat (LTR) and non-LTR-retrotransposons) or DNA-mediated (DNA transposons). In addition to sequence segments coding for their own enzymes and thus being self-sufficient in the process of mobility, enzymes of autonomous elements can trail a large number of various non-autonomous copies.

Among TEs, LTR-retrotransposons in particular accumulate frequently in centromeres and pericentromeres of both plants and animals (e.g., Pimpinelli et al. [@CR97]; Copenhaver et al. [@CR16]; Schueler et al. [@CR108]; Cheng et al. [@CR14]). TEs belonging to the chromovirus clade of Ty3/gypsy LTR-retrotransposons are widely distributed in centromeres of angiosperms. It has been proposed that they are targeted to centromeres by a specific motif located at the C-terminus of their integrase (Neumann et al. [@CR90]). Molecular determinants that need to be recognized by this motif in order to trigger specific integration are probably sequence-independent heterochromatin marks, although their exact nature has not yet been unambiguously identified (Neumann et al. [@CR90]; Tsukahara et al. [@CR128]). In addition to active transposition, centromere-specific retrotransposons can become significantly enriched in centromeric regions as a consequence of multiple rounds of segmental duplication, a process which can also be responsible for massive amplifications of satDNA arrays (Ma and Jackson [@CR66]).

Despite differences in the structure, organization, dynamics, and mechanisms of spread, a growing number of reports link TEs and satDNAs. A whole unit or a segment of a TE can be amplified in tandem, although the direction of transition between the two types of repetitive sequences is not always clear (Macas et al. [@CR68]). For example, a part of the mammalian retrotransposon L1 shares similarity with a segment of the satDNA repeat in whales (Kapitonov et al. [@CR54]). Internal tandem repeats of non-autonomous miniature inverted repeat transposable element (MITE) from the cupped oyster *Crassostrea virginica* resemble satDNAs in several other mollusks (Gaffney et al. [@CR29]). In plants, a hypervariable region of one LTR-retrotransposon was found expanded into tandem repeats of a satDNA in the pea (*Pisum sativum*) genome (Macas et al. [@CR68]). Similarly, *Zea mays* centromeres became enriched in tandem repeats derived from LTRs and untranslated regions of two unrelated centromere-specific retrotransposons, what probably happened in two independent evolutionary events (Sharma et al. [@CR110]).

Repeat-based centromeres {#Sec3}
========================

The majority of eukaryotes studied in terms of centromeric DNA have monocentric chromosomes with large regional centromeres. Functional centromeric domains of these chromosomes are usually inserted into blocks of pericentromeric heterochromatin, a compartment composed of Mb-sized arrays of satDNAs. Arrays are in general much longer than necessary for centromeric function. For instance, functional centromere domains in *Drosophila* comprise only of 15--40 kb, which is comparable to the minimum length of 30--70 kb of alpha-satDNA in a functional centromere of human artificial chromosomes (Okamoto et al. [@CR94]).

Details on the complexity of organizational patterns and contribution of particular sequence types to repeat-based centromeres differ significantly among species (Fig. [1](#Fig1){ref-type="fig"}). For example, global sequence characterization of rice centromeric satDNA CentO by next generation high-throughput sequencing and ChIP experiments with CENH3 could not reveal any particular differences between monomers included in the functional centromere and pericentromeric arrays (Macas et al. [@CR69]). A comparable uniform distribution of nearly-identical repeats of species-specific highly-abundant satDNAs (up to 50 % of the genome) in centromeric and pericentromeric heterochromatin of all chromosomes can be anticipated in some beetle species of the order Coleoptera (Palomeque and Lorite [@CR96]). It has been proposed that the lack of chromosome-specific satDNA variants (Fig. [1a](#Fig1){ref-type="fig"}) indicates high efficiency of sequence homogenization in the bouquet stage of meiotic prophase, in which all chromosomes of the complement align together (Durajlija Žinić et al. [@CR22]; Mravinac and Plohl [@CR82]). In contrast, well-known examples of satDNAs localizing to pericentromeric and centromeric regions are the mouse major and minor satDNA, respectively, (Guenatri et al. [@CR35]; Kuznetsova et al. [@CR61]).Fig. 1Schematic presentation of functional DNA sequences in different centromere types

The distribution of centromeric satDNAs can also be chromosome specific (Fig. [1b](#Fig1){ref-type="fig"}). The best studied example is the complex organizational pattern of centromeric sequences in human chromosomes. Two basic types of alpha-satDNA, monomeric and higher-order repeat (HOR), characterize human centromeric regions (Willard and Waye [@CR133]; Rudd and Willard [@CR105]). All regular human centromeres are formed on tandemly repeated HOR units composed of 2 to over 20 diverged 171-bp-long monomers, and HORs are usually chromosome specific (Rudd et al. [@CR106]). However, only a fraction of HOR arrays of human alpha-satDNA underlies active centromeres, while the rest, flanked by monomeric repeats, contributes to pericentromeric heterochromatin (Spence et al. [@CR113]; Lam et al. [@CR62]; Mravinac et al. [@CR85]; Sullivan et al. [@CR118]). Comparably, in the domestic dog, CENP-A chromatin immunoprecipitation (ChIP) experiments suggested monomer sequence subtypes of two related satDNAs as functional centromere sequences (Hayden and Willard [@CR41]). Recent efforts combining genomic and ChIP-obtained data on human alpha-satDNA allowed the possibility for comprehensive functional mapping of centromeric areas and led to a model in which the centromere is defined by sequence features and context-dependent epigenetic interactions (Hayden et al. [@CR42]).

The diversity of DNA sequences localized in functional centromeres and/or pericentromeres has been evidenced not only in terms of different satDNAs and their organizational forms, but also in terms of other sequences' contribution. Different interspersion patterns of tandemly repeated DNA and TEs are found in many species (Fig. [1c](#Fig1){ref-type="fig"}). The centromeric fraction of human HORs is mostly devoid of inserted TEs or other sequences, while pericentromeres are frequently interrupted by unrelated satDNAs (e.g., gamma-satellite and SatIII) and LINE elements (Schueler et al. [@CR108]). Different plants such as maize, rice, and wheat turned out to be valuable models for studying the specificities of centromere DNA sequence organization, particularly because of the presence of substantial portions of centromere-specific retrotransposons. Retrotransposons are extensively intermingled with satDNAs and both sequence types mark functional parts of some plant centromeres (Ma et al. [@CR67]). For instance, functional rice centromeres are characterized by CentO satDNA and the centromere-specific retrotransposon CRR (Cheng et al. [@CR14]). A recent study in the wild rice *Oryza brachyantha* showed that CentO satDNA repeats as well as CRR retrotransposons have completely disappeared and are replaced by a new functional centromeric CentF satDNA in a short evolutionary time (Lee et al. [@CR64]).

Detailed mapping of the repeat content and arrays of complete centromeres in some chromosomes of maize (Wolfgruber et al. [@CR134]) and wheat (Li et al. [@CR65]) revealed species-specific centromeric retrotransposons as predominant CENH3-associated DNA sequences (Fig. [1d](#Fig1){ref-type="fig"}). Maize centromeres still contain small amounts of CentC satDNAs, detected as functional centromeric sequences in other maize inbreds (Kato et al. [@CR56]; Wolfgruber et al. [@CR134]) and related to the CentO satDNA in rice (Cheng et al. [@CR14]). Similar replacements of functional centromeric satDNA with retrotransposons occurred in wheat, followed by consecutive introduction of new functional retrotransposons. All these replacements occurred in a very short evolutionary time, \<0.5 MY (Li et al. [@CR65]). In principle, older retrotransposons typically lie outside of the functional centromere (Wolfgruber et al. [@CR134]; Li et al. [@CR65]) and can be compared with the distribution of LINE and other TEs in pericentromeres of human chromosomes (Schueler et al. [@CR108]). It has been hypothesized that retrotransposons may accumulate in active centromeres because of favored integration into an epigenetically modified centromere environment, and not because of preferred association with CENH3 nucleosomes (Lamb et al. [@CR63]; Wolfgruber et al. [@CR134]).

Complex organization of centromeric regions is further supported by the presence of protein coding genes or gene candidates in centromeric chromatin of *D. melanogaster* (Smith et al. [@CR112]), rice (Wu et al. [@CR136]; Nagaki et al. [@CR88]), and wheat (Li et al. [@CR65]), although the insertions of this type were not observed in *Arabidopsis* (Hosouchi et al. [@CR48]) and human (Schueler et al. [@CR108]).

Organisms with both repeat-based and repeat-free centromeres {#Sec4}
============================================================

From the methodological standpoint, due to the abundance of satellite repeats in eukaryotic species, it is understandable that the literature to date mostly describes the cases of centromeric regions rich in repetitive sequences. However, the development of chromatin immunoprecipitation and usage of CENH3 variants as the most reliable markers of active centromeres enabled high-resolution DNA mapping of interacting sequences. Consequently, there are an increasing number of reports documenting the organisms that possess both repeat-based and repeat-free centromeres (Fig. [1e](#Fig1){ref-type="fig"}). Horse *Equus caballus* centromeres are enriched for satellite sequences but the functional centromere of chromosome 11 lacks any tandem repeats (Piras et al. [@CR98]). The extended cytogenetic analysis of congeneric species revealed that donkey and two zebra species contain several pairs of chromosomes with satellite-less centromeres (Piras et al. [@CR98]). The chicken genome with 10 pairs of macrochromosomes, 28 pairs of microchromosomes, and Z/W sex chromosomes represents the first avian karyotype with molecular cytogenetic characterization of each chromosome (Masabanda et al. [@CR75]), and thus has been a powerful resource for studying the genetic makeup. Thorough identification of centromeric DNA showed that the majority of chicken centromeres are founded on chromosome-specific satDNA spanning several hundred kilobase of homogeneous repetitive arrays, while centromeres of chromosomes 5, 27, and Z, spanning only \~30 kb, are devoid of tandem repeats (Shang et al. [@CR109]). The presence of the two distinct types of centromeres has also been evidenced in plants. In the potato, *Solanum tuberosum*, no satellite repeats were discovered in centromeres of five pairs of chromosomes, whereas six potato centromeres harbor megabase-sized chromosome-specific satellite repeat arrays (Gong et al. [@CR33]). Similar to chicken, centromeric satellites in potato share partial sequence similarity to different retrotransposon sequences (Gong et al. [@CR33]).

Neocentromeres and evolutionary new centromeres (ENCs) {#Sec5}
======================================================

Neocentromeres are fully functional centromeres that arise at ectopic DNA loci not previously associated with kinetochore proteins (Fig. [1f](#Fig1){ref-type="fig"}). In humans, the majority of neocentromeres evidenced in clinical phenotypes rescue acentric chromosome fragments in cells with severe chromosomal rearrangements (Marshall et al. [@CR74]). As the neocentromeres described to date show notable divergence of underlying DNA sequences and chromosome positions, the sequence attributes that might be favorable to their formation have not yet been established. Most of them are located in gene-poor regions with no apparent association with heterochromatin (Alonso et al. [@CR2]), and although some of them form on repetitive DNA (Hasson et al. [@CR40]), none of them are associated with alpha-satellite DNA. In addition to human cells, neocentromere formation and function have also been studied in different model organisms such as *D. melanogaster*, *Schizosaccharomyces pombe*, *Candida albicans*, and several plant species (reviewed in Burrack and Berman [@CR7]).

Evolutionary new centromeres (ENCs), also known as repositioned centromeres, are centromeres that moved to a new position along a single chromosome without any observable chromosomal rearrangements or phenotypic consequences. Once repositioned, ENCs are transmitted through generations and become fixed in the population. Since they can be identified exclusively by comparing the ancestral and derived position of a specific centromere, systematic karyotype analyses of related organisms are crucial. So far, the best studied model group is primates and it has been proved that nine macaque chromosomes possess ENCs (Ventura et al. [@CR129]), whilst six human centromeres are evolutionarily new (reviewed in Rocchi et al. [@CR104]). ENCs have also been revealed in other mammals (e.g., Carbone et al. [@CR9]; Rocchi et al. [@CR104]), birds (Kasai et al. [@CR55]), and plants (Han et al. [@CR39]). Although they arise in anonymous sequences, ENCs gradually incorporate repetitive arrays. In macaque, all the nine ENCs over time accumulated large arrays of alpha-satDNA becoming indistinguishable from other macaque centromeres. At the same time, the inactivated centromeres completely lost their satellite arrays (Ventura et al. [@CR129]). Similarly, centromere repositioning in cucurbit species was accompanied by the gain of centromeric satDNA repeats in ENCs and the loss of pericentromeric heterochromatin in inactivated centromeres (Han et al. [@CR39]).

What can be learned from neocentromere and ENC phenomena is that a centromere potentially can be seeded in any unique sequence, albeit the repetitive DNA setup provides a preferred chromatin environment for centromere maintenance. The hypothesis that repeat-free centromeres represent a primordial form is in accordance with the occurrence of neocentromeres and their maturation into repeat-based centromeres by the accumulation of satellites and retrotransposons (Kalitsis and Choo [@CR52]).

Dicentric chromosomes {#Sec6}
=====================

Each chromosome normally possesses a single centromere, though genome rearrangements can generate chromosomes with two centromeres (Fig. [1g](#Fig1){ref-type="fig"}). In general, dicentric chromosomes are inherently very unstable because of anaphase bridge formation resulting in broken or rearranged chromosomes. Nevertheless, in some cases, dicentric chromosomes are stabilized due to inactivation of one of the two centromeres, which allows the structural dicentric to act as a functional monocentric during cell divisions. The exact mechanism of centromere inactivation has not been completely elucidated; however, studies of naturally occurring and engineered dicentrics in different organisms predominantly indicate epigenetic changes. In the fission yeast, *S. pombe*, 99 % of the cells harboring an artificial dicentric chromosome died, but in 70 % of the survivors, one of the centromeres was functionally silenced by the loss of Cnp1 (the yeast CENH3 homolog), depletion of euchromatic histone modifications H3K9ac and H3K14ac, and by becoming enriched for the heterochromatic H3K9me2 mark without associated alterations in the DNA sequence (Sato et al. [@CR107]). Epigenetic centromere inactivation has also been documented in maize dicentric B chromosomes. Without changing the sequence of underlying DNA, one of the B chromosome centromeres becomes nonfunctional by histone CENH3 depletion (Han et al. [@CR38]) and increasing methylation of the underlying DNA (Koo et al. [@CR59]). A structural tricentric chromosome in wheat acts like a functional monocentric by keeping active the large centromere, while at the same time both of the small centromeres, enriched for heterochromatic histone modifications H3K27me2 and H3K27me3, are inactivated (Zhang et al. [@CR137]). Dicentric chromosomes in humans can be quite stable, and it has been known for two decades that some human dicentric chromosomes also stay functional dicentrics through multiple cell divisions (Sullivan and Willard [@CR116]). Stimpson et al. ([@CR114]) recently showed that the human dicentrics, being functionally monocentric, undergo centromere inactivation through different processes: (1) by epigenetic mechanisms or (2) by size reduction of the alpha-satDNA array associated with CENP-A. Human chromosome HSA17, characterized by the two alpha-satellite arrays D17Z1 and D17Z1-B, is an example of a regular human chromosome structurally arranged as a dicentric that behaves as a functional monocentric. Its functional centromere is predominantly linked to the D17Z1 array (Maloney et al. [@CR73]). However, in vitro and in vivo studies proved that the HSA17 functional centromere can also assemble at D17Z1-B, and its location is inherited through multigenerational families. The structural differences in the D17Z1 and D17Z1-B HOR arrays imply genomic factors that, together with epigenetic mechanisms, influence centromere specification in humans (Maloney et al. [@CR73]). In other words, the analyses of natural and engineered dicentric chromosomes indicate that epigenetic plasticity, but also subtle genetic features of centromere-competent DNA sequences, plays an important role in defining centromere identity.

Holocentric centromeres {#Sec7}
=======================

In contrast to monocentric, holocentric chromosomes have a long kinetochore plate with spindle fibers attached along the entire chromosome length (Dernburg [@CR19]) (Fig. [1h](#Fig1){ref-type="fig"}). Based on cytological studies, it has been shown that holocentric chromosomes are scattered among plant and animal kingdoms arising at least 13 independent times during evolution (Mola and Papeschi [@CR81]). A more precise understanding of centromeric function in holocentric species, based on immunodetection of CENH3 homologs, has been intensively analyzed only in the nematode, *Caenorhabditis elegans*, and a few other species. In spite of polyphyletic origin, immunodetection of the corresponding CENH3 proteins in mitotic chromosomes of *C. elegans* (Buchwitz et al. [@CR6]) and the plant *Luzula* (Nagaki et al. [@CR89]; Heckmann et al. [@CR43]) shows common structural features in the form of dispersed CENH3 distribution during interphase and prophase. In both species, diffuse centromeres are distributed along each chromatid except in the telomeric regions (Heckmann et al. [@CR43]). Data on the DNA sequences underlying holocentric centromeres are generally lacking. Nevertheless, a recent study of animal and plant species shows that the genomic content of tandem repeats in holocentric species differs greatly (Melters et al. [@CR78]). The *C. elegans* genome contains only a few tandem repeats (Hillier et al. [@CR46]). ChIP analysis shows that even \~50 % of this genome is associated with CENH3, but association loci are not correlated with repeat density (Gassmann et al. [@CR30]). In contrast, comprehensive characterization of holocentric *Luzula elegans* shows that 61 % of its genome is built of highly repetitive DNAs, including over 30 highly divergent satellite families, while 33 % of the genome comprises Ty1/copia LTR retrotransposons of the Angela clade (Heckmann et al. [@CR44]). Although retrotransposons in *L. elegans* are uniformly distributed along the chromosomes, they are not centromere-associated. Similarly, different satDNAs are present as blocks preferentially accumulated on chromosome ends which are declared as non-centromeric regions. However, a portion of centromere domains in the related holocentric species *Luzula nivea* is composed of scattered clusters of satellite LCS1 which display significant similarity to the major centromeric satellite of monocentric chromosomes of some *Oryza* species (Haizel et al. [@CR36]). These data suggest that satDNA can be an important centromere determinant in this holocentric species. In support of this, a study of novel meta-polycentric chromosomes in the pea *P. sativum*, which represents the first example of an intermediate between monocentric and holocentric centromeres, demonstrates that all functional centromere domains in the pea are tightly associated with clusters of 13 distinct satDNA families and with one family of retrotransposons (Neumann et al. [@CR91]). The pea centromeres have from three to five explicit CENH3-containing regions composed of different families of satDNAs (Fig. [1i](#Fig1){ref-type="fig"}).

Transcription of centromeric sequences {#Sec8}
======================================

The non-coding nature of repetitive sequences in centromeres and pericentromeres led to the opinion that centromeres are transcriptionally inactive. However, new evidences show that small-interfering RNAs (siRNAs) transcribed from pericentromeric tandem repeats in *S. pombe* modify the heterochromatin. In brief, transcription of pericentromeric sequences in the form of double stranded RNAs and their processing into siRNAs by the ribonuclease Dicer proved to be crucial in heterochromatin assembly and transcriptional silencing (Volpe et al. [@CR130]). Impairment of the RNA interference (RNAi) pathway resulted in severe chromosome segregation defects in *S. pombe* (Hall et al. [@CR37]). Subsequent studies on higher eukaryotic species showed a link between the RNAi machinery and heterochromatin-mediated transcriptional silencing in plants (Zilberman et al. [@CR140]), flies (*Drosophila*; Pal-Bhadra et al. [@CR95]), worms (*C. elegans*; Grishok et al. [@CR34]), and mammals (Fukagawa et al. [@CR28]). However, the ultimate impact of RNAi on heterochromatin assembly and chromosome segregation is less straightforward suggesting different mechanisms of the RNAi pathway in complex genomes (Chan and Wong [@CR12]). In hybrid chicken cells carrying a human chromosome, loss of Dicer led to defects in centromere heterochromatin and chromosome segregation, pointing out the importance of siRNA for heterochromatin assembly (Fukagawa et al. [@CR28]). Similarly to chicken cells, Dicer deficiency in mouse embryonic stem (ES) cells caused accumulation of pericentric satellite transcripts, but there are still controversies related to the impact of the RNAi machinery on mammalian centromere assembly (Kanellopoulou et al. [@CR53]; Murchison et al. [@CR86]). Kanellopoulou et al. ([@CR53]) reported loss of DNA methylation and of histone H3 modification H3K9me3 at the pericentromeric regions of Dicer-deficient ES cells and suggested that Dicer participates in the maintenance of centromeric heterochromatin structure. In contrast, Murchison et al. ([@CR86]) concluded that the RNAi pathway is not essential for the regulation of heterochromatin assembly in mouse ES cells because in their experimental system Dicer loss had no significant effect on cytosine methylation nor changed H3K9me3 status at the centromere. More recent work on *S. pombe* suggests that the observed defects may be indirectly related to exosome RNA machinery (a multiprotein complex capable of degrading various RNA types), which acts in parallel with RNAi and promotes heterochromatin formation (Reyes-Turcu et al. [@CR103]).

In addition, a great progress has also been made in determining non-siRNAs transcripts in the centromere of higher eukaryotes. The data suggest transcriptional competence of the entire centromere (both the centromere core and the pericentromere) and heterogenous transcripts appear to be variable in size and structure (Gent and Dawe [@CR31]). They can be transcribed from both strands or display strand-specific characteristics (Topp et al. [@CR127]; May et al. [@CR77]). Some of them are exclusively nuclear while the other form cytoplasmatic polyadenylated RNA (Vourc'h and Biamonti [@CR131]). Increasingly, evidence suggests an impact of centromeric transcripts on development, cell differentiation, and response to environmental stimuli.

Pericentromeric major satDNA in mice is highly transcribed during embryogenesis, and transcripts are responsible for reorganization of pericentromeric satDNA into chromocenters. Disruption of these transcripts led to developmental arrest indicating their role in de novo heterochromatin formation and proper developmental progression (Probst et al. [@CR102]). In humans, polyadenylated RNA transcripts from the pericentromeric region of the Y chromosome are involved in *trans*-splicing in the CDC2L2 kinase mRNA generating a testis-specific isoform (Jehan et al. [@CR50]). This example illustrates specific regulation of euchromatic gene expression by pericentromeric transcripts and provides a link between satDNA transcription and cell differentiation. The overexpression of centromeric RNA transcripts may be the result of derepression of heterochromatic regions under disease or stress conditions. So, it has been proposed that the differential transcription of human pericentromeric satellite III in response to heat-shock stress might be a consequence of inhibition or saturation of the RNAi machinery in the pericentromeric region (Jolly et al. [@CR51]). BRCA1-deficient tumor cells show defective pericentromeric heterochromatin formation which leads to the disruption of gene silencing and activation of the pericentromeric alpha-satDNA transcription (Zhu et al. [@CR139]). Derepression of satDNA transcription has also been detected in many human epithelial tumors, but it is not clear whether satDNA transcription causes or is a consequence of genomic instability and tumorigenesis (Ting et al. [@CR125]).

In addition to the analysis of pericentromeric regions, an ever-growing number of studies on the centromere core domain demonstrates the transcription of repetitive sequences from this region and suggests a contribution of these transcripts to centromere/kinetochore assembly and maintenance (Gent and Dawe [@CR31]). The single-stranded centromeric alpha-satellite RNA and the centromere protein CENP-C associate and facilitate nucleoprotein assembly (CENP-C, innercentromere protein INCENP, and INCENP-interacting protein survivin) at the human mitotic centromere (Wong et al. [@CR135]). Inhibition of RNA polymerase II activity, which results in depletion of alpha-satellite RNA in mitotic human cells, reduces CENP-C binding at the kinetochore and leads to chromosome missegregation (Chan et al. [@CR13]). Similarly, Minor satDNA transcripts from the mouse centromere are integral components of the CENP-A chromatin fraction and associate with proteins of the chromosomal passenger complex Aurora B, survivin, and INCENP. In addition to a role in mediating interactions between protein components in the centromere/kinetochore complex, it has also been evidenced that Minor satellite RNA controls the enzymatic function of the Aurora A kinase (Ferri et al. [@CR25]). In addition to centromeric satDNA transcripts, transcripts derived from retrotransposons were also shown to be essential components of the centromere core. For example, in maize, single-stranded non-siRNAs (40--200 nt) transcribed from centromeric CentC satDNA and CRM retrotransposon are tightly bound to CENH3 (Topp et al. [@CR127]). Similarly, RNA transcripts of the LINE-1 retrotransposon were found to bind CENP-A chromatin in Mardel (10) 10q25 neocentromere (Chueh et al. [@CR15]). RNAi-mediated knockdown of the LINE transcripts led to a significant reduction in the mitotic stability of the neocentromere suggesting that retrotransposable elements are a critical epigenetic determinant of the neocentromere. A novel class of small RNAs encompassing contiguous satellites and retroviruses located at the centromere core and likely produced through the activity of retroviral LTR promoters was discovered in a marsupial (Carone et al. [@CR10]). In-depth analysis discovered that hypermorphic expression of these retroelement-encoded small RNAs is critical for the maintenance and assembly of CENP-A in the marsupial centromere (Carone et al. [@CR11]).

Conclusions {#Sec9}
===========

Although being essential for the proper distribution of genetic material in eukaryotic cells, the centromere still continues to intrigue in the complexity of its structure and rapid evolution of its building components. Advances in methodological approaches and high-throughput analyses in the last two decades fostered the rapid accumulation of centromere-related datasets in different model organisms, giving access to information about DNA, RNA, proteins, and their epigenetic modifications. However, the complex networks of interactions among them as well as the details of functional features and roles of particular components are still far from being well understood. Epigenetic determinants are recognized as major identifiers of centromeres in higher eukaryotes, while the functional contribution of DNA remains obscure and seriously questioned because of the ability of the centromere to be formed and to persist on extremely diverse sequences. Recent studies of genomic and functional datasets based on combined sequencing data and established CENH3-associated DNA sequences revealed a more detailed insight into genomic architecture of centromeres. In spite of the diversity of DNA sequences, the preferred forms populating functional centromeres appear to be tandem repetitions of satDNAs and/or mobile elements. Only a subset of centromere-located DNA sequences or their variants is predominantly CENH3-associated, indicating the importance of their linear composition. An increasing number of reports that evidence organisms with dually organized centromeres (repeat-rich and repeat-free) opens up the possibility that the dynamics of centromere formation is much higher than previously thought, and also highlights stable functioning of centromeres established on different sequence types within a single organism. It can be hypothesized that the repetitive DNA environment has the potential to preserve stability of the functional centromere, and at the same time, to provide a reservoir of new functional sequences. This creates a platform which allows rapid changes in centromere identity and as a consequence can directly stimulate reproductive isolation. Several reasons for this continuous rapid change can be considered, such as specificities of evolution of satDNAs, targeted integration of TEs into the epigenetically marked centromeric environment, and coevolution of DNA sequences and CENH3 proteins. The complexity of the DNA sequence and functional relationships in centromeres becomes even more perplexing as a growing number of recent reports indicate roles for centromere DNA transcripts in centromere structure and function. Recent efforts have begun to decipher the rules in sequential patterns of centromeric DNA sequences and their functional interactions in different centromere types which will ultimately lead to a novel integrated view on the centromere genomics.
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